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Summary
Background: A critical function of telomeres is to prevent
fusion of chromosome ends by the DNA repair machinery. In
Drosophila somatic cells, assembly of the protecting capping
complex at telomeres notably involves the recruitment of
HOAP, HP1, and their recently identified partner, HipHop.
We previously showed that the hiphop gene was duplicated
before the radiation of themelanogaster subgroup of species,
giving birth to K81, a unique paternal effect gene specifically
expressed in the male germline.
Results: Here we show that K81 specifically associates with
telomeres during spermiogenesis, along with HOAP and
HP1, and is retained on paternal chromosomes until zygote
formation. In K81 mutant testes, capping proteins are not
maintained at telomeres in differentiating spermatids, result-
ing in the transmission of uncapped paternal chromosomes
that fail to properly divide during the first zygotic mitosis.
Despite the apparent similar capping roles of K81 and HipHop
in their respective domain of expression, we demonstrate by
in vivo reciprocal complementation analyses that they are
not interchangeable. Strikingly, HipHop appeared to be unable
to maintain capping proteins at telomeres during the global
chromatin remodeling of spermatid nuclei.
Conclusions: Our data demonstrate that K81 is essential for
the maintenance of capping proteins at telomeres in postmei-
otic male germ cells. In species of themelanogaster subgroup,
HipHop and K81 have not only acquired complementary
expression domains, they have also functionally diverged
following the gene duplication event. We propose that K81
specialized in the maintenance of telomere protection in the
highly peculiar chromatin environment of differentiating male
gametes.
Introduction
Telomeres are specialized nucleoprotein structures at the
extremities of eukaryote chromosomes [1–4]. They have at
least two essential roles for the maintenance of chromosome
integrity. First, they protect chromosome ends from long-term
genetic erosion through the addition of repeated sequences.
Second, telomere-associated capping protein complexes
prevent DNA extremities from being processed as double-
strand breaks by the DNA repair machinery. In most eukary-
otes, telomerase, a specialized reverse transcriptase, adds*Correspondence: benjamin.loppin@univ-lyon1.frshort DNA repeats at the end of chromosomes in a highly regu-
lated manner [1–3]. This activity counteracts the incomplete
replication of linear DNA extremities occurring at each cell
cycle. Telomere repeats are specifically recognized by DNA
bindingproteins that participate in the formation of aprotective
capping complex. For instance, telomeric repeat-binding
factors 1 and 2 (TRF1 and TRF2) bind TTAGGG repeats in
human telomeres and recruit other capping proteins to form
the shelterin complex [2–4]. Thus, the end-replication and
capping functions of telomeres are connected in species
that have telomerase.
Although telomeres fulfill the same functions in Drosophila,
their organization is rather unusual. Like other Dipterans,
Drosophila lacks telomerase activity [5]. Indeed, telomere
elongation in Drosophila is dependent on the transposition of
three related non-long terminal repeat retrotransposons called
HeT-A, TART, and TAHRE [6, 7].Drosophila chromosome ends
are thus devoid of the short telomere repeats found in other
organisms and lack the battery of proteins that specifically
binds these sequences. Instead, Drosophila telomeres are
capped by a set of proteins that associate with chromosome
ends independently of the DNA sequence [8–10]. This property
is best illustrated by the fact that de novo telomere formation
can occur at chromosomes bearing viable terminal deletions
in the absence of telomere-specific transposon sequences
[11–14]. It has been proposed that this epigenetic protection
ofDrosophila telomeres requires the initial recognition of chro-
mosome extremities by proteins of the ataxia telangiectasia
mutated (ATM) and ataxia telangiectasia and Rad3-related
(ATR) DNA damage response pathways, which then recruit
telomere capping proteins [15]. Their presence at telomeres
is, in turn, critical to prevent the ligation of chromosome
ends by the DNA repair machinery [15].
Well-characterized Drosophila capping proteins include
heterochromatin protein 1 (HP1, also known as HP1A) and its
partner HP1/ORC-associated protein (HOAP) [11, 12, 16, 17].
HP1 is a nonhistone chromosomal protein notably involved
inpericentric heterochromatin formation.Onpolytenechromo-
somes, HP1 is enriched in the chromocenter but is also
detected on many euchromatic bands and at all telomeres
[11, 12, 18]. Its essential capping function was revealed by
the analysis of Su(var)205 (encoding HP1) mutant larvae that
exhibit chromosome end-to-end fusions in dividing cells such
as neuroblasts or imaginal discs [11]. This phenotype is also
observed in larvae bearing a mutation in the caravaggio (cav)
gene, which encodes HOAP [17]. HOAP is predominantly en-
riched at telomeres and is required for the recruitment of other
telomere proteins such as Modigliani (Moi) and Verrocchio
(Ver) [19, 20], underlining its central role in telomere capping.
Despite their essential role in chromosome protection,
several capping proteins, including the recently characterized
HOAP-interacting protein, HipHop, have been shown to evolve
rapidly [14]. In somatic cells, HipHop is specifically enriched at
telomeres, where it directly interacts with HOAP and HP1.
Moreover, RNA interference knockdown of hiphop in S2
cultured cells results in chromosome fusions at high fre-
quency, thus functionally implicating HipHop in telomere
protection [14].
Table 1. Complementation Analysis of K81 Paternal Effect Embryonic
Lethality
Genotype of Males
Genotype
of Females
Number
of Eggs
Number
of Larvae
Hatching
Rate (%)
w/Y ; K812/TM3 y w 426 297 69.7
w/Y ; K811/K812 y w 359 0 0
w/Y ; K812/K812 y w 311 0 0
w/Y ; 50K81-GFP::K81/
50K81-GFP::K81 ; K812/K812
w 265 246 93
w/Y ; 50K81-GFP::K81/
50K81-GFP::K81 ; K812/K812
y w 351 342 97.4
w/Y ; 50K81-GFP::K81/+ ;
K811/K811
y w 480 456 95
w/Y ; 50K81-GFP::K81/+ ;
K812/K812
y w 518 477 92
w/Y; 50K81-GFP::hiphop[#2]/
TM3
y w 315 310 98.4
w/Y; 50K81-GFP::hiphop[#2]
K812/K812
y w 377 0 0
w/Y; 50K81-GFP::hiphop[#2]
K812/50K81-GFP::hiphop[#2]
K812
y w 430 0 0
w/Y; 50K81-GFP::hiphop[#3]/
50K81-GFP::hiphop[#3]
y w 512 221 43.2
w/Y; 50K81-GFP::hiphop[#3]
2 2
y w 256 0 0
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2091Interestingly, we had previously shown that the duplication
of hiphop in the melanogaster subgroup of species, presum-
ably through a retroposition mechanism, gave rise to ms(3)
K81 (K81), a gene specifically expressed in the male germline
[21]. The original K81 male sterile mutant, which was isolated
from a natural population in Japan, is associated with a unique
paternal effect embryonic lethal phenotype [22]. Indeed,
although homozygous K81 mutant males produce fertiliza-
tion-competent sperm, their progeny die as aneuploids or
gynogenetic haploid embryos after the loss of paternal chro-
mosomes at the first zygotic division [21–24].
In this study, using a combination of genetic and imaging
approaches, we demonstrate that K81 is a male germline-
specific capping protein. We show that K81 is necessary for
the association of HOAP and HP1 with telomeres in postmei-
otic spermatid nuclei. In the absence of K81, mutant gametes
transmit uncapped paternal chromosomes to the zygote, with
catastrophic consequences at the first mitosis. Finally, despite
the apparent similar function of K81 and HipHop in telomere
capping, we demonstrate that these sister proteins function-
ally diverged, suggesting that K81 specialized in the epige-
netic protection of telomeres in differentiating spermatid
nuclei.K81 /K81
w/Y; 50K81-GFP::hiphop[#3]
K812/50K81-GFP::hiphop[#3]
K812
y w 363 0 0
w/Y ; 50hiphop-GFP::K81
K812/50hiphop-GFP::K81
K812
y w 433 2 0.4
Males and females of the indicated genotypes were crossed, and embryo
hatching rates were calculated as described in the Experimental Proce-
dures. 50K81-GFP::hiphop[#2] and 50K81-GFP::hiphop[#3] are two indepen-
dent insertions of the same transgene.Results
K81 Localizes at Telomeres in Spermatids
To analyze the distribution of K81 during spermatogenesis,
we generated transgenic flies expressing a GFP::K81 fusion
protein under the K81 regulatory region (50K81-GFP::K81).
This transgene fully rescued the sterility of homozygous K81
mutant males (Table 1), hence validating this tool to study
K81 function in vivo. For the rest of the experiments, we
used 50K81-GFP::K81; K812 males that only expressed
GFP::K81, and not the endogeneous protein. We stained adult
testes with an anti-GFP antibody to determine the distribution
of the recombinant protein. InDrosophila, cysts of 16 intercon-
nected primary spermatocytes undergo meiosis to produce
groups of 64 haploid spermatids. The differentiation of sper-
matids, a process known as spermiogenesis, results in the
production of mature, individualized male gametes [25]. We
observed that GFP::K81 accumulated in a small number of
discrete foci in spermatid nuclei (Figures 1A and 1B). To gain
insight into the nature of these foci, we ectopically expressed
anmRFP1::K81 protein in larval salivary glands using the UAS/
GAL4 system to determine its distribution on polytene chro-
mosomes. Strikingly, mRFP1::K81 appeared to be enriched
at all chromosome extremities, suggesting that K81 might
also associate with telomeres in spermatid nuclei (Figure 1C).
HOAP is a well-characterized telomere marker in Drosophila
somatic cells [16, 17]. The robust expression of the HOAP en-
coding gene, cav, in adult testes [26] suggested that it could
also be involved in the capping of telomeres inmale germ cells.
Indeed, using a specific antibody, we detected HOAP in dis-
crete foci in spermatid nuclei. Moreover, these foci perfectly
colocalized with GFP::K81 (Figure 1D). Taken together, these
results strongly suggested that K81 was specifically associ-
ated with spermatid telomeres.
Typically, spermatid nuclei contained one or two large foci
and zero to three smaller foci of GFP::K81 (Figure 1B), suggest-
ing that the eight expected telomeres of these haploid nuclei
gather in a smaller number of clusters over the course of sper-
matid differentiation.K81 Remains Associated with Paternal Telomeres until
Zygote Formation
In mature gametes, GFP::K81 foci were no longer detected,
most likely as a consequence of the extreme compaction of
sperm nuclei, which are not accessible to antibodies (data
not shown and [27]). To determine whether GFP::K81 was still
associated with paternal telomeres after fertilization, we
crossed 50K81-GFP::K81; K812 males with wild-type females.
Eggs laid by these females were stained with an anti-GFP anti-
body to detect GFP::K81 after fertilization. Strikingly, GFP::K81
was systematically detected in the decondensing male pronu-
cleus (n = 16), often in one or two foci (Figure 1E). GFP::K81
was still detected in the male nucleus at pronuclear apposition
and during the first zygotic mitosis (Figures 1F–1H). In
anaphase of the first nuclear cycle, GFP::K81 was observed
at the extremities of separating paternal sister chromatids,
thus confirming the telomere localization of K81 (Figure 1H).
A faint staining of paternally transmitted GFP::K81 was occa-
sionally detected on paternal chromosomes during the second
nuclear division, but never beyond this stage (data not shown).
Because GFP::K81 rapidly vanished from paternal chromo-
somes after zygote formation, we wondered whether K81
was replaced by its sister protein, HipHop, in early embryos.
Interestingly, the hiphop gene shows a strong female-biased
expression, and transcripts are very abundant in adult ovaries
[26, 28]. We generated transgenic flies expressing a GFP::
HipHop fusion protein under the regulatory region of hiphop
(50hiphop-GFP::hiphop; Figure 2A). As expected, the trans-
gene wasmaternally expressed, and GFP::HipHop specifically
Figure 1. K81 Associates with Paternal Telo-
meres
(A and B) Confocal images of spermatids from
a 50K81-GFP::K81; K812 adult testis stained for
DNA (red) and GFP (green).
(A) In early, round spermatids, GFP::K81 accu-
mulates in a small number of dots (arrows).
(B) In elongating spermatid nuclei, GFP::K81 is
detected in large (arrows) or small (arrowheads)
foci.
(C) Polytene chromosomes from UAS-
mRFP1::K81; Sgs3-Gal4 larval salivary glands.
mRFP1::K81 (red) specifically localizes at all
chromosome extremities.
(D) In spermatid nuclei, GFP::K81 foci (green),
detected with an anti-GFP antibody, colocalize
with the telomere marker HOAP (red). Spermatid
nuclei are outlined.
(E–H) Eggs and early embryos from wild-type
females mated with 50K81-GFP::K81; K812
rescued males.
(E) A fertilized egg with the four maternal meiotic
products visible at the top. The still-elongated
male nucleus (inset) contains at least one
GFP::K81 focus (arrow).
(F) Male and female pronuclei shortly before
apposition. Only the male pronucleus (left)
contains GFP::K81 foci (arrows).
(G) First zygotic metaphase: GFP::K81 foci are
still associated with paternal chromosomes
(arrows).
(H) First zygotic anaphase: the telomere localiza-
tion of GFP::K81 is visible (arrows). Arrowheads
show unlabeled telomeres, presumably from
maternal chromatids. Scale bars represent 5 mm.
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2092associatedwith telomeres, for instance on polar body chromo-
somes (Figure 2B). Shortly after fertilization, GFP::HipHop was
detected in female meiotic products, but not in the decon-
densing male pronucleus (Figures 2C and 2D). After the first
round of DNA replication, however, GFP::HipHop was associ-
ated with both maternal and paternal telomeres (Figure 2E)
and then on all embryonic telomeres throughout syncytial
development (data not shown).
Taken together, our observations indicate that after fertiliza-
tion, newly synthesized paternal telomeres are capped with
maternally expressed HipHop, whereas paternally transmitted
K81 is rapidly diluted during the first embryonic S phases.
K81 Is Necessary for the Association of HP1 and HOAP
at Spermatid Telomeres
InDrosophila S2 cultured cells, HipHop and HOAP are interde-
pendent for their stability and for their recruitment at telomeres[14]. The presence of HOAP at spermatid telomeres enabled
the possibility that its distribution might be similarly depen-
dent on K81. In wild-type testes, HOAP foci were detected in
spermatid nuclei throughout spermiogenesis (Figure 3A).
InK812mutant testes, HOAP foci were detected in early, round
spermatids (data not shown), but, strikingly, became unde-
tectable in elongating nuclei (Figure 3A). Thus, like HipHop in
somatic cells, K81 is required for the maintenance of HOAP
at telomeres in differentiating spermatids.
We then aimed to determine whether HP1 was also involved
in the capping of spermatid telomeres. In contrast to other
capping proteins, HP1 is a multifunctional protein with a com-
plex nuclear distribution in somatic cells, notably including
a strong enrichment in pericentric heterochromatin [11, 18,
29]. In secondary spermatocytes, HP1 was detected
throughout the nucleus and was also enriched at telomeres,
as revealed by its colocalization with HOAP (Figure 3B;Figure 2. HipHopDistribution in Eggs and Early Embryos
(A) Representation of the 50hiphop-GFP::hiphop trans-
gene. This construct contains a 2.7 kb fragment of
genomic DNA (50hiphop) immediately upstream of the
hiphop coding sequence. A single copy of this transgene
fully rescues the lethality associated with hiphopmutant
alleles (see Figure 4).
(B–E) Confocal images of early embryos stained for DNA
(red) and GFP::HipHop (green).
(B) Polar body.
(C) Migrating female pronucleus.
(D) Male pronucleus from the same egg.
(E) First metaphase.
HipHop is absent from the male pronucleus but is
detected on both paternal and maternal telomeres at
the first metaphase. Scale bars represent 5 mm.
Figure 3. K81 Maintains Capping Proteins at
Sperm Telomeres
(A) Confocal images of testes from wild-type or
K812 mutant males stained for HOAP (red) and
DNA (green). HOAP is detected at telomeres in
wild-type (wt) but not K812 mutant elongating
spermatid nuclei. Note that the HOAP foci visible
in the K812 panels are from a somatic cell.
(B) In secondary spermatocyte nuclei, HP1 (red)
has a broad nuclear distribution but appears to
be enriched at telomeres (arrows), where it coloc-
alizes with HOAP (green).
(C) In elongating spermatid nuclei, HP1 is only
restricted to telomeres (see also Figure S1).
(D) Like HOAP, HP1 is not maintained at sper-
matid telomeres in K812 mutant testes.
(E) In eggs fertilized with wild-type sperm, HOAP
is detected at telomeres in the decondensing
male pronucleus (arrows; n = 27), whereas in
eggs fertilized with sperm from K812 mutant
males, HOAP is never detected in the male
pronucleus (n = 17).
(F) Paternal chromosomes fail to divide normally
in eggs fertilized with K81 sperm. From left to right: pronuclear apposition, first metaphase, early anaphase, late anaphase, and telophase. The paternal
chromatin is stainedwith an anti-acetylated H4 histone antibody (green) [27]. Paternal chromatin bridges are visible in late anaphase and telophase (arrows).
Scale bars represent 5 mm.
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after meiosis, HP1 distribution in spermatid nuclei became
restricted to a few foci that colocalized with GFP::K81 (Fig-
ure 3C and data not shown). In addition, we verified that
none of the four centromeres of these haploid nuclei colocal-
izedwith HP1 orGFP::K81 (Figure S1). Thus, HP1 is specifically
retained at telomeres in spermatids, whereas it is completely
removed from other genomic regions during spermiogenesis,
including pericentric heterochromatin. In K812 mutant testes,
however, HP1 foci were no longer detected in elongating
spermatids, similar to HOAP (Figure 3D). Therefore, K81 is
necessary for the association of HP1 at telomeres, thus under-
lining the similar roles of HipHop and K81 in capping complex
formation in somatic cells and spermatids, respectively.
The presence of HOAP andHP1 at spermatid telomeres sug-
gested that these capping proteins, like K81, were transmitted
to paternal chromosomes at fertilization. Although the diffuse
distribution of HP1 in the male pronucleus did not permit us
to draw conclusions about its association with telomeres at
this stage (data not shown), HOAP foci were clearly detected
in decondensing male pronuclei (Figure 3E). As expected, we
never observed HOAP foci in the male pronuclei transmitted
by K812 mutant fathers (Figure 3E). Together, these data
demonstrate that K81 is required for the maintenance of the
HP1 and HOAP capping proteins at paternal telomeres before
and after fertilization.
In the absence of HOAP and HP1 in somatic cells, unpro-
tected telomeres frequently fuse, resulting in bridges of chro-
matin in anaphase [11, 17]. Interestingly, in eggs fertilized by
sperm from K812 mutant males, paternal chromosomes fail
to separate in anaphase [21, 24] and form a chromatin bridge
that ultimately connects the dividing nuclei in telophase (Fig-
ure 3F). We thus propose that the K81 paternal effect pheno-
type results from the fusion of uncapped paternal chromo-
somes prior to the first zygotic mitosis.
HipHop and K81 Are Not Functionally Equivalent
HipHop andK81 proteins display 53%amino acid identity (Fig-
ure S2) and are both involved in the maintenance of capping
proteins at telomeres in their respective expression domain.We thus addressed the question of whether the two proteins
have remained interchangeable or have functionally diverged
since the gene duplication. We therefore tested the ability of
HipHop and K81 to complement one another in vivo. As ex-
pected from its molecular function, hiphop is an essential
gene. Indeed, all animals transheterozygous for two non-
complementing P element insertions in hiphop (hiphop1/
hiphopEY07584) died before the second larval stage (Figure 4A
and data not shown). A copy of the 50hiphop-GFP::hiphop
transgene fully restored the viability of this allelic combination,
thus confirming that the observed lethality was caused by
hiphop loss of function (Figure 4B). We then replaced hiphop
with the K81 coding region in the same construct to generate
50hiphop-GFP::K81 transgenic flies. Importantly, this con-
struct was inserted at the same genomic position as the
50hiphop-GFP::hiphop transgene to achieve identical expres-
sion levels (see Experimental Procedures). We verified that,
in larval salivary glands, both GFP::HipHop andGFP::K81 simi-
larly localized at telomeres on polytene chromosomes (Fig-
ure 4B). Strikingly, however, the 50hiphop-GFP::K81 transgene
had no effect on hiphop mutant lethality (Figure 4B), thus
demonstrating that K81 cannot functionally replace HipHop.
In a mirror experiment, GFP::HipHop was expressed under
the K81 regulatory region (50K81-GFP::hiphop). Three inde-
pendent insertions of this construct drove robust expression
of GFP::HipHop in the male germline (data not shown). In
testes from these transgenic animals, GFP::HipHop was
detected as nuclear foci in spermatids in a way that was iden-
tical to GFP::K81 (Figure 4C). However, none of these trans-
genic insertions rescued K81 male sterility (Table 1 and Fig-
ure 4C). We verified that the 50K81-GFP::hiphop, K812 males
induced a typical K81 paternal effect embryonic phenotype,
characterized by a systematic bridging of paternal chromatin
during the first mitosis (data not shown). Furthermore,
although GFP::K81 was systematically detected in the decon-
densing male pronucleus, paternally expressed GFP::HipHop,
in clear contrast, was not retained on paternal chromatin after
fertilization (Figure 4D). Hence, we conclude that HipHop
cannot replace K81 for the protection of paternal telomeres
in the male germline.
Figure 4. HipHop and K81 Have Functionally Diverged
(A) Representation of hiphop1 and hiphopEY07584 lethal P
element insertion alleles (red triangles) used in (B).
Untranslated and coding regions are shown in yellow
and purple, respectively.
(B) Rescue experiments of hiphop lethality with the indi-
cated transgenes. The percentages indicate the fraction
of rescued transgenic hiphop1/hiphopEY07584 adults over
the expected 1/3 Mendelian ratio for this genotype (see
Experimental Procedures). The localization of GFP
fusion proteins (green) on polytene chromosomes (red)
is shown for each transgene. n denotes total number of
adult progeny obtained from the cross.
(C) Rescue experiments of K81 male sterility with the
indicated transgenes. Hatching rates of embryos from
K812 homozygous mutant males with two copies of the
indicated transgene are shown (see Experimental Proce-
dures). For each transgene, the localization of GFP fusion
proteins on spermatid nuclei is shown. n denotes total
number of embryos.
(D) GFP::K81 is detected in the male pronucleus (arrows)
in eggs fertilized with sperm from 50K81-GFP::K81; K812
rescuedmales (n=16),whereasGFP::HipHop is neverde-
tected in eggs fertilized with sperm from 50K81-GFP::
hiphop; K812 males (n = 15). Scale bars represent 5 mm.
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2094HipHop Fails to Maintain Capping Proteins at Telomeres
during the Histone-to-Protamine Transition
To better understand the basis of the functional divergence of
K81 and HipHop, we studied the distribution of HOAP and HP1
during the course of spermatid differentiation in 50K81-
GFP::hiphop, K812 males. During spermiogenesis, the canoe
stage is characterized by the massive replacement of his-
tones with sperm-specific chromosomal proteins, such asprotamines and Mst77F [30]. To study the distribution of
capping proteins during this process, we costained testes
for HOAP or HP1 and Mst77F, which is deposited in spermatid
nuclei at the onset of histone removal [31, 32]. In control testes,
HP1 and HOAP foci were detected in early and in late canoe
stage spermatid nuclei that had already begun to incorporate
Mst77F (Figures 5A and 5B, left panels). In K812 mutant testes
expressing GFP::HipHop, HOAP and HP1 foci were onlyFigure 5. HipHop Cannot Maintain HOAP and
HP1 at Telomeres during Sperm Chromatin
Remodeling
(A) In 50K81-GFP::hiphop control testes, HOAP
(red) is detected in early and in late canoe sper-
matid nuclei that have already incorporated the
Mst77F (blue) sperm chromatin protein (left
panels). In 50K81-GFP::hiphop; K812 testes,
HOAP foci are only detected in spermatid nuclei
that have not yet incorporated Mst77F (right
panels). Note that the Mst77F staining is used
as an internal control for antibody accessibility
in spermatid nuclei.
(B) Similarly, HP1 is detected only in early canoe
spermatid nuclei of 50K81-GFP::hiphop, K812
testes (right panels). Scale bars represent 10 mm.
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for Mst77F (Figures 5A and 5B, right panels). Indeed, the loss
of these foci was correlated with the onset of Mst77F deposi-
tion in condensing spermatid nuclei.
Hence, although GFP::HipHop is able to initially recruit
HOAP and HP1 at spermatid telomeres in the absence of
K81, the capping complex is not maintained during the global
chromatin remodeling of spermatid nuclei. It thus suggests
that K81 specialized to cap telomeres in the highly peculiar
chromatin environment of maturing male gametes.
Discussion
K81 and the Epigenetic Protection of Telomeres
in the Male Germline
We have shown that K81 encodes a new telomere capping
protein required for the transmission of functional paternal
chromosomes to the diploid zygote. This finding elucidates
the origin of the unique paternal effect lethal phenotype asso-
ciated with K81. To our knowledge, K81 is the first identified
Drosophila telomere protein specifically expressed in the
male germline. In fact, the structure and organization of telo-
meres in Drosophila male germ cells have remained largely
unexplored. We show in this study that during spermiogen-
esis, K81 accumulates in a small number of foci, where it is
systematically associated with the HOAP and HP1 capping
proteins. In contrast to HOAP, which is essentially a telo-
mere-specific protein, HP1 is mainly enriched in pericentric
heterochromatin in somatic nuclei. In addition, HP1 is also
detected at telomeres and at numerous euchromatic sites on
polytene chromosomes [11, 18]. In this regard, it is remarkable
that HP1 is only retained at telomeric regions in spermatid
nuclei, suggesting that its sole function in differentiating
male germ cells is in capping telomeres. The lethality associ-
ated with cav (encoding HOAP) and Su(var)205 (encoding
HP1) loss-of-function mutant alleles prevents us from directly
testing their respective roles during spermiogenesis. Our
study shows, however, that both HOAP and HP1 are lost
from spermatid telomeres in K81 mutant testes. This loss of
telomere capping proteins does not interfere withmale gamete
differentiation andmaturation. Instead, theK81mutant pheno-
type manifests itself only after fertilization and results in the
incapacity of paternal chromosomes to segregate during the
first zygotic mitosis. This initial defect leads to the formation
of aneuploid embryos, which arrest development after a few
abnormal nuclear divisions, or to the occasional escaping of
haploid gynogenetic embryos that die shortly before hatching
[21, 22, 24]. The systematic and specific bridging of paternal
chromatin during the first anaphase most likely results from
the presence of chromosome end-to-end fusions. Although
telomere fusions can be easily observed in cultured cells or
in squashed preparations of larval brains, where they form
chains of connected chromosomes [9], these defects ap-
peared to be very difficult to observe in detail in Drosophila
zygotes. Nonetheless, chromatin bridges associatedwith telo-
mere dysfunction have been reported in syncytial embryos
from mothers bearing hypomorphic alleles of mre11 or nbs
[33], thus indicating that the DNA repair machinery presumably
responsible for the fusion of uncapped telomeres is already
active during early cleavage divisions.
The distribution of telomere capping protein foci in sper-
matid nuclei indicates that telomeres tend to associate
within clusters during spermiogenesis. Interestingly, telomere
clustering seems to be a conserved feature of animalspermiogenesis, such as in mammals, in which telomeres
from the same chromosome are frequently associated in pairs
[34, 35]. In Drosophila, telomere clustering is apparently the
rule in late spermatids, as well as in the decondensing male
pronucleus, because we frequently observed a single major
focus of capping proteins in these nuclei. It is likely that this
spectacular gathering of telomeres in a limited nuclear volume
could favor the occurrence of paternal chromosome end-to-
end fusions in K81 mutants.
Diversification of the hiphop/K81 Gene Family
Despite their critical role in chromosome protection, telomere
proteins are rapidly evolving from yeasts to mammals [2, 36–
38]. This tendency is observed in Drosophila, where important
capping proteins such as HOAP, Verrocchio, Modigliani, and
HipHop are encoded by fast-evolving genes [14, 20, 39]. We
had previously shown that K81 is a relatively young gene that
is restricted to the nine species comprising the melanogaster
subgroup [21]. K81 originated after the duplication of its
paralog, hiphop (originally known as CG6874/l(3)neo26), pre-
sumably through a retroposition mechanism. The predicted
K81 transcription start site is only about 100 bp from the 50
end of the Rb97D gene, which is expressed in primary sper-
matocytes and is required for male fertility [40, 41]. The selec-
tion of both hiphop and K81 genes was thus likely favored by
the immediate acquisition of male germline-specific expres-
sion of the duplicated copy, after its landing close to Rb97D,
followed by loss of hiphop expression in this lineage [21].
In a less parsimonious, alternative scenario, an ancestral
male germline-specific hiphop gene could have evolved
a somatic and female germline expression following the dupli-
cation. However, this possibility does not fit with the expected
requirement of HipHop for telomere protection in somatic
cells. Interestingly, with a single exception (see below), all
Drosophila sequenced species outside the melanogaster
subgroup have a singlemember of the hiphop/K81 gene family
(Figure 6). For instance, D. ananassae, D. pseudoobscura, and
D. persimilis have hiphopwith the same conserved synteny as
inmelanogaster species but lack K81 (Figure 6). In these three
species, hiphop is thus expected to protect telomeres in all
cells, including male germ cells. Most interestingly, phyloge-
netic analysis reveals the existence of a second, independent
duplication of hiphop in the lineage leading toD. willistoni (Fig-
ure 6). Moreover, this D. willistoni hiphop duplicate presents
a male-biased expression (Figure S3), allowing the possibility
that it could be required in the male germline, like K81 in
D. melanogaster. Although functional studies are not currently
feasible in non-melanogaster species, developmental in situ
expression analysis of members of this gene family may
support these predictions.
Functional Divergence of HipHop and K81
In their respective cellular environments, HipHop and K81 are
both specifically localized at telomeres, and they are required
for the maintenance of the HOAP and HP1 capping proteins at
chromosome ends. However, and despite the apparently iden-
tical molecular functions of K81 and HipHop, our experiments
demonstrate that they cannot replace one another in vivo.
When ectopically expressed in the male germline, GFP::
HipHop is able to transiently restore the localization of HOAP
and HP1 at spermatid telomeres in a K81mutant background.
In this genetic context, telomeres remained capped until the
global replacement of histones with sperm-specific nuclear
proteins. What actually triggers the loss of HipHop, HP1, and
Figure 6. Phylogenetic Tree of the hiphop/K81 Gene
Family
This tree was obtained from a Gblocked alignment of the
hiphop/K81CDS using the PhyML phylogenetic program
(GTRmodel with a gamma distribution and four site cate-
gories) in Seaview (see Experimental Procedures).
Results of nonparametric bootstrap (100 replicates) are
shown. This tree indicates the occurrence of two hiphop
independent duplication events (asterisks). All the
hiphop genes in blue have conserved synteny. hiphop
paralogs are shown in red. Numbers in boxes indicate
the focal lineages in the dN/dS analysis (see Table S1).
Gene annotation symbols not shown in the tree:
Drosophila melanogaster K81: CG14251; D. simulans
K81: GD21311 D. sechellia K81: GM10349; D. yakuba
K81:GE23697;D. erecta K81: GG11507;D.melanogaster
hiphop: CG6874; D. simulans hiphop: GD14769
D. sechellia hiphop: GM14992; D. yakuba hiphop:
GE19974; D. erecta hiphop: GG13678; D. ananassae
hiphop: GF10272; D. pseudoobscura hiphop: GA19922;
D. persimilis hiphop: GL24882; D. willistoni hiphop:
GK12110. Bar denotes number of substitution per nucle-
otide (see also Figure S3, Figure S4, and Table S1).
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proteins disappear concomitantly with the onset of global
spermatid chromatin remodeling suggests a causal link,
although this remains to be established. Inmammals, although
telomere integrity in male gametes is essential for zygote
formation [42], little is known about the organization of telo-
meres in germ cells. However, a few studies point to the pecu-
liar composition of telomere complexes in human sperm
[35, 43], suggesting that the unique organization of sperm
chromatin imposes constraints on the structure and function
of telomeres. Similarly, our study suggests that K81 special-
ized in the epigenetic maintenance of telomere identity in the
highly peculiar chromatin environment of male gametes. This
scenario also implies that HipHop lost its ability to protect
sperm telomeres after the emergence of K81 function. Phylo-
genetic analysis of the hiphop and K81 coding sequences
actually supports this subfunctionalization scenario. First,
hiphop and K81 genes show a symmetrical acceleration of
evolution in the melanogaster subgroup of species (Figure 6
and Table S1). Second, synonymous and nonsynonymous
nucleotide substitution analysis of the coding sequences
indicates that hiphop and K81 evolved under purifying selec-
tion (Figure S4 and Table S1). Finally, K81 expression in
somatic cells does not rescue the zygotic lethality of hiphop
mutants, thus confirming the functional divergence of both
proteins.
Thematernal expression of hiphop is apparently sufficient to
protect telomeres during embryo development, as observed
with mutations in other telomere capping genes [10]. Accord-
ingly, we have shown that maternally expressed GFP::HipHop
decorates both paternal and maternal telomeres as soon as
the diploid zygote is formed. However, the early larval zygotic
lethality of hiphop mutants prevented a more detailed in vivo
phenotypic analysis using third instar larvae polytene chromo-
somes or neuroblast mitotic chromosomes. Although both
mRFP1::K81 and GFP::K81 are fully able to associate with
somatic telomeres, these experiments could only be carried
out in a wild-type hiphop genetic background, for the reasons
mentioned above. We thus do not currently know whether K81
associates with somatic telomeres autonomously or through
its association with other capping proteins, such as HOAP
and/or HP1, in a HipHop-dependent manner.As discussed above, the functional divergence of HipHop
and K81 could reflect their adaptation to different chromatin
environments. However, as new Drosophila telomere proteins
are regularly discovered, it is also reasonable to consider the
possibility that K81 and HipHop require one or more yet-
unknown protein partners to function properly. For instance,
K81 could not protect telomeres in somatic cells if its capping
activity requires another factor only expressed in spermatids.
Interestingly, the HP1-related protein Umbrea/HP6 [29, 44],
which has been recently proposed to function in telomere
protection [45], is mainly expressed in the adult testis [26].
Future studies should thus aim at determining whether other
capping proteins are specialized in the protection of telomeres
in germ cells, like K81.
In conclusion, our study demonstrates that HipHop and
K81 diverged not only in their domain of expression, but also
in their ability to protect telomeres in their respective cellular
environments. A challenge will be to understand the nature
of the evolutionary pressure that ultimately shaped the
diversification of the hiphop/K81 gene family in the genus
Drosophila.Experimental Procedures
Drosophila Strains
w1118 and y1 w67c strains were used as controls. Unless otherwise noted, we
used the K812 (or Df(3R)ms(3)K81-2) allele, a small deficiency that
completely deletes the K81 gene [24]. The original K811 allele has been
previously characterized [21]. The hiphop1 allele (P{hsneo}hiphop1) [46]
was obtained from the Bloomington Drosophila Stock Center. The hipho-
pEY07584 (P{EPgy2}hiphopEY07584) allele is a P element insertion at genomic
position 18814719 and was kindly provided by Hugo Bellen [47]. The gcid-
EGFP::cid line is a gift from Stefan Heidmann [48]. The 50K81-GFP::K81
and 50K81-GFP::hiphop transgenic stocks were obtained by standard P
element-mediated germline transformation. The 50hiphop-GFP::hiphop,
50hiphop-GFP::K81, and UAS-mRFP1::K81 constructs were inserted into
the PBAc{y[+]-attP-3B}VK00031 platform (62E1) using the 4C31-mediated
integration system [49].Fertility Tests
Males and virgin females were allowed to mate for 2 days before overnight
egg collection. Eggs were counted and allowed to develop at 25C for 48 hr.
Hatched larvae were then counted to determine hatching rates.
Evolution of a Drosophila Sperm Telomere Protein
2097hiphop Complementation Tests
50hiphop-GFP::hiphop, hiphop1/TM3, Sb or 50hiphop-GFP::K81, hiphop1/
TM3, Sb flies were crossed to hiphopEY07584/TM3, Sb flies. The number of
flies for each expected genotype was counted in the progeny.
Immunofluorescence and Imaging
Polytenes Chromosomes
Samples were prepared as previously described [50]. Primary antibodies
were rabbit polyclonal anti-RFP (Clontech) or mouse monoclonal anti-GFP
(Roche), diluted at a 1:250 and 1:15 dilution, respectively. Alexa Fluor
(Molecular Probes) or DyLight (Jackson Immunoresearch) conjugated
secondary antibodies were used at a 1:300 dilution.
Testes
All testes were squashed for immunostaining except for the anti-Cid stain-
ing (Figure S1). In this case, whole-mount testes were stained as previously
described [27] with an anti-Cid antibody (Abcam) at a 1:2000 dilution. The
protocol for squashing testes was adapted from [51] with a few modifica-
tions. Briefly, five to six testes per genotype were fixed in 4% paraformalde-
hyde for 30 min and then in 50% acetic acid for 2–3 min before squashing.
Immunostainings were done as described above for polytene chromosome
preparations, except that blocking was done in 1%bovine serum albumin in
phosphate-buffered saline. We used mouse anti-GFP (Roche) (1:100),
guinea pig anti-HOAP [14] (1:200), mouse anti-HP1 (Developmental Studies
Hybridoma Bank) (1:100), and rabbit anti-Mst77F (1:1000) [30] primary anti-
bodies. Secondary antibodies were used at a 1:300 dilution.
Samples were mounted in mounting medium (Dako) containing 5 mg/ml
propidium iodide (Sigma) or 1 mM YO-PRO-1 (Molecular Probes).
Eggs
Eggs were collected every 30 min, fixed, and stained as previously
described [52]. Rabbit anti-GFP (Invitrogen), rabbit anti-acetylated histone
H4 (Upstate), or guinea pig anti-HOAP primary antibodies were used at
a 1:200 dilution, and corresponding secondary antibodies were used at
1:500.
All confocal images were obtained using an LSM 510 confocal micro-
scope (Zeiss) and were processed using Photoshop (Adobe).
Plasmid Constructs
We used pW8 and pUASP vectors and modified them to obtain a pW8-
attB and a pUASP-attB vector, allowing targeted insertion in the 62E1
platform located on chromosome 3L. Plasmid constructs were then done
as follows.
UAS-mRFP1::K81
The pUASP-mRFP1::K81 construction was obtained by polymerase chain
reaction (PCR) amplification of the K81 and mRFP1 full-length coding
sequences and cloning into the pUASP-attB vector. The following primers
containing, respectively, the NotI and BamHI restriction sites were used
to amplify K81: 50-CTAGCGGCCGCCATGTCGGATTCGC-30and 50-TGGATC
CACATTATCCCCCAGTAGTTCC-30. The primers 50-CTAGCGGCCGCACC
ATGGCCTCCTCCGAGGACG-30 and 50-CATTTAGGCGGCCGCGCCGGTGG
AGTGGCGG-30, both containing NotI, were used to amplify mRFP1.
GFP::K81 and GFP::hiphop Transgenes
The GFP coding sequence was excised from a previously engineered
construct (pGEM-T-GFP) using the SacII and NotI restriction sites and
was cloned into the pW8 (for the 50K81-GFP::K81 and 50K81-GFP::hiphop
constructs) or the pW8-attB (for the 50hiphop-GFP::hiphop and 50hiphop-
GFP::K81 constructs) vector. Then cloning of the hiphop and K81 upstream
regions and coding sequences was done as follows.
5 0K81-GFP::K81
A 555 bp and 674 bp fragment covering, respectively, the complete K81
coding sequence (CDS) and upstream sequences (666 bp) were amplified
from yw genomicDNA and subcloned into the pGEM-T vector. The following
primers, 50-CTAGCGGCCGCCATGTCGGATTCGC-30 and 50-TGGATCCAC
ATTATCCCCCAGTAGTTCC-30 for theK81CDS, were designed to introduce
NotI andBamHI restriction sites, whereas each of theK81promoter primers,
50-CCGCGGGATAACATCGACCACCTTGCCCC-30 and 50-CCGCGGCCATT
AGAACTTAAGTTGAATACTC-30, contains a SacII restriction site.
5 0hiphop-GFP::hiphop
A 2729 bp fragment covering the regulating sequence of the hiphop gene,
including the 50 untranslated region and the first intron, was amplified by
PCR from yw genomic DNA and subcloned into a pGEM-T vector
(Promega) using the following primers that both contain the SacII restriction
site: 50-TCTTATCCGCGGACTCAGTAGAATGTTAAGG-30 and 50-ATGTTA
CCGCGGCTGGAATAGATCATGCACC-30. Similarly, a 1519 fragment con-
taining the coding sequence of hiphop was amplified and subcloned intoa pGEM-T vector. Primers used were 50-CTAGCGGCCGCCATGGCCTC
CATTGACGAGG-30 and 50-TGGATCCAGTCAATCAACTGATTGGAAGC-30,
which introduce NotI and BamHI restriction sites, respectively. Both inserts
were then excised and cloned into the pW8-attB-GFP construct.
50K81-GFP::hiphop and 50hiphop-GFP::K81
The coding sequences of the hiphop and K81 genes from the 50hiphop-
GFP::hiphop and 50K81-GFP::K81 constructs described above were
exchanged using the NotI and BamHI restriction sites.Reverse Transcription Analysis
Total RNAs from adultDrosophila willistonimales or females were extracted
using the Trizol method (Invitrogen). cDNAswere synthetized using oligo-dT
primers and the Superscript II reverse transcriptase (Invitrogen). The
following sets of primers were used to amplify hiphop (gene annotation
symbol GK12110) and its paralog (gene annotation symbol GK15167),
respectively: 50-CTGTATTTGATACATTTTCC-30 and 50-AACTTTCGTTGATT
TAGC-30, 50-CGAACAAATTGAGAAATGC-30 and 50-CTGTATATTTGGTA
GTCGC-30. Primers designed to amplify the D. melanogaster Rp49 gene
(50-AAGATCGTGAAGAAGCGCAC-30 and 50-ACTCGTTCTCTTGAGAAC
GC-30) were used to amplify the willistoni Rp49 gene as a control.Alignment and Phylogenetic Trees
The hiphop/K81CDSswere aligned using theMUSCLE algorithm in Seaview
[53]. The alignment was then cleaned using Gblock in the permissive
mode (see http://molevol.cmima.csic.es/castresana/Gblocks.html) [54].
A maximum-likelihood tree was built using the PhyML algorithm in Seaview
with the general time-reversible (GTR) model, a gamma distribution (four
site categories), an estimated alpha parameter, an estimated percentage
of invariants, an estimated transition/transversion rate, and a nonparametric
bootstrapping [53].Evolutionary Rates Analysis
Site Model Analysis
We ran Datamonkey (one of the HyPhy modules, see http://www.
datamonkey.org/) on the hiphop/K81 raw alignment and retrieved the
dN-dS output for each site of the alignment [55].
Branch Model Analysis
We ran codeml on the hiphop/K81 Gblocked alignment. The phylogenetic
tree of the hiphop/K81 gene family was slightly modified to be fully consis-
tent with the 12 Drosophila Species tree [56]. We tried various nested
models (with up to four dN/dS ratios) and compared these models using
the likelihood ratio test approach.
Branch-Site Analysis
We ran fitmodel on the hiphop/K81 raw alignment and the same phyloge-
netic tree as for the branch model analysis [57] with the M2a model (three
site categories) and with the possibility of switching from one category to
another during evolution (model S1). The wbest output file was analyzed,
and we counted the number of sites with evidence for switching in relevant
lineages.Supplemental Information
Supplemental Information includes four figures and one table and can be
found with this article online at doi:10.1016/j.cub.2010.11.013.Acknowledgments
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